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Abstract 
We have examined the production of reactive oxygen species (ROS) and the induction 
of cell death in tissue-cultured tobacco cells undergoing different disease resistance responses. 
A superoxide-dependent hypersensitive response (HR) occurs during both the race-specific 
resistance response of tobacco cells challenged with incompatible zoospores of Phytophthora 
nicotianae and during non-specific elicitation of tobacco cells challenged with Phytophthora 
glucan elicitors extracted from the fungal cell wall. Inhibition studies are consistent with 
dependence upon endogenous Ca2+ levels and with the involvement of NAD(P)H oxidase and 
peroxidases in the production of ROS during both specific and non-specific elicitation. The 
patterns of resistance expression during non-host resistance or field resistance responses 
appear to be similar to race-specific resistance expression with regard to the timing and order 
of events, however the intensity of the response is very much reduced. In contrast, during non-
specific elicitation, these temporal patterns are significantly altered. The differences in the 
timing, intensity and extent of responses during different modes of disease resistance 
expression indicate that the stimulation of cultured plant cells with non-specific soluble 
fractions in order to model in planta events during plant/Oomycete and by implication, 
plant/fungal interactions, has significant limitations.  
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Introduction 
 Plant cell cultures have been widely used to investigate host plant defenses against 
pathogenic microorganisms. Whilst responses to bacteria can be readily observed in culture 
(Atkinson and Baker 1989; Atkinson et al. 1990; Slusarenko et al. 1991; Baker et al. 1993), 
suitable means of introducing fungal pathogens into host cell cultures in a manner that leads to 
infection are rarely available, particularly with obligate biotrophs. Hence the majority of 
studies using fungal pathogens have focused on the challenge of host cells with eliciting 
compounds that may (Low and Heinstein 1986; Vera-Estrella et al. 1992; Vera-Estrella et al. 
1993; Baillieul et al 1996; Hammond-Kosack et al. 1996) or may not (Ryerson and Heath 
1992; Reglinski et al. 1994; Doares et al. 1995) be products of the pathogen in question. In 
most cases these elicitors are non-specific, that is, they stimulate host responses irrespective of 
the host’s resistance genotype and their ability to elicit is not conditioned by the expression of 
a genotype-specific host resistance gene. For example, non-specific elicitors derived from the 
walls of Oomycete pathogens in the genus Phytophthora have been used to elicit ROS in rose 
cells (Murphy and Auh 1992), soybean cells (Lindner et al. 1988) and tobacco cells (Bailliuel 
et al. 1996). 
The most comprehensive research into responses to a specific fungal elicitor has been 
the elicitation of tomato suspension cells by resistance gene-specific elicitors derived from 
various races of Cladosporium fulvum (Vera-Estrella et al. 1992; Honee et al. 1994; 
Hammond-Kosack et al. 1996). A comparison of responses by tomato cells to specific elicitors 
from C. fulvum with responses to non-specific glycopeptide elicitors has noted significant 
differences in the timing of reactive oxygen species (ROS) production (Vera-Estrella et al. 
1992, 1993).  
Alternative forms of resistance that are not conditioned by single major genes, such as 
non-host resistance, in which the challenged plant species fails to satisfy the conditions 
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required for successful infection by a potentially pathogenic species (Kamoun 2001) and field 
resistance, which is polygenic in character (Kover and Caicedo 2001), are critical determinants 
of plant-microbe interactions in natural and agricultural environments. ROS production has 
been observed during both the non-host resistance responses of parsley cells challenged with 
Phytophthora megasperma zoospores (Dangl et al. 1987; Jahnen and Hahlbrock 1988; Jabs et 
al. 1997) and the responses of field resistant potato cultivars to Phytophthora infestans 
inoculation (Ivanova et al. 1991). However, the extent, timing and possible roles of ROS 
production during non-host and field resistance have not been thoroughly investigated.  
Previously, we have studied the production of ROS, in particular superoxide (HO2./O2-) 
and hydrogen peroxide (H2O2) during specific gene-for-gene plant-pathogen interactions 
where suspension-cultured tobacco cells are challenged with compatible and incompatible 
zoospores of the Oomycete pathogen Phytophthora nicotianae (Able et al. 1998, 2000, 2001). 
The goal of this current research was to examine ROS production and cell death responses by 
tobacco cells to non-pathogenic Phytophthora zoospores (non-host resistance) and to non-
specific elicitors, in the form of cell wall glucans from a range of Phytophthora species. The 
responses of a field resistant tobacco line were also examined. These results have been 
compared with the responses observed in the previous studies of the specific gene-for-gene 
interactions (Able et al. 1998, 2000, 2001; Perrone et al. 2000).  
 
Material and methods 
The assay system 
Seed of tobacco cultivars Hicks, North Carolina 2326 (NC2326) and Hicks Q46 were 
obtained from Peter Trevorrow (QDPI, Mareeba, Australia) and used to develop suspension 
cultures (Able et al. 1998; Perrone et al. 2000). Cultures of Phytophthora nicotianae (Pn) 
isolates 4974 and 9201, P. palmivora (Pp) and P. cryptogea (Pc) isolates 860 (from the 
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University of Melbourne collection) and Pc 3267 (provided by Dr Adrienne Hardham, 
Australian National University, Canberra, Australia) were maintained and allowed to sporulate 
as in previous studies using Pn (Able et al. 1998) except that Pc was maintained on 2.5% V8 
juice agar rather than carrot agar. 
The responses of the near-isogenic cultivars of Nicotiana tabacum to zoospores and 
elicitors from these Phytophthora species were monitored in the tobacco cell culture system 
previously described, based on 24-well tissue culture plates, at 24oC (Able et al. 1998). 
 
Non-host and field resistance  
Non-host resistance responses were examined by inoculating the suspension cultures of 
the near-isogenic Nicotiana tabacum (tobacco) cultivars ‘Hicks’ or ‘North Carolina 2326’ 
(NC2326) with zoospores from Pc 860 or Pp. Field resistance was studied in cell suspension 
cultures established from the tobacco cultivar ‘Hicks Q46’. ‘Hicks Q46’ is a selection from 
Hicks that possesses an uncharacterised field resistance to Pn (O’Brien and Davis 1981). In 
order to allow comparisons with specific resistance, established suspension cell cultures of 
Hicks (susceptible) and NC2326 (resistant) were inoculated with incompatible (race 0) and 
compatible (race 1) zoospores of Pn (Australian field isolates 4974 and 9201 respectively). 
 
Glucan elicitor extractions 
Glucans were isolated from cell walls of a range of species and isolates of 
Phytophthora (Ayers et al. 1976a, 1976b, 1976c) except that fungal mats were grown in 3% 
V8 liquid medium under continuous fluorescent lights; and the subsequently extracted 
mycelial cell walls were suspended in sterile distilled water (10 g L-1) before autoclaving for 3 
h at 121°C, cooling and filtering through a 0.22 μm Millex GV filter. The resultant filtrate was 
 5
assayed for glucans using a scaled down phenol/sulphuric acid method adapted from Dubois et 
al. (1956). This glucan extract was then used to elicit tobacco cell responses.  
 
ROS measurement 
An assay based on the Mn(III)desferal-inhibitable component of XTT reduction by 
HO2./O2- was used to quantify HO2./O2- generation by the cells (Able et al. 1998). Extra-
cellular H2O2 concentrations were monitored using an oxygen electrode (Able et al. 2000). 
Mn(III)desferal was synthesised by the method of  Rabinowitch et al. (1987).  
 
Viability assays 
Viability was monitored using the hypertonic neutral red assay (O’Connell et al. 1985) 
as adapted by Able et al. (1998). The absolute viability of cells varied between different 
batches of cells. Nevertheless the relative levels between treatments were always consistent. 
 
Modulation of responses 
Potential modulators of ROS production and calcium transport were added at 
inoculation as previously described (Able et al. 2000, 2001). The modulators employed were: 
1 mM NADP+, 1 mM NADPH, 20 μM diphenyleneiodonium (DPI), 500 μM allopurinol, 2 
mM salicylhydroxamic acid (SHAM), 1 mM calcium chloride (CaCl2), 4 μM A23187, 500 
μM ethylene glycol-bis (β-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) and 1 mM 
lanthanum chloride (LaCl3).  
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 Statistical analysis 
  Data were analyzed by appropriate student’s t tests or other analyses of variance using 
Microsoft® Excel Version 5.0 and The SAS® System for Windows 6.2 (The SAS Institute, 
USA). Significant differences between individual treatments were determined using LSD or 
Newman-Kuhl tests. 
 
Results 
 
Non-specific elicitation 
By 12 h post inoculation, tobacco cells (either cv. NC2326 or Hicks) challenged with 
glucan elicitors had undergone cell death comparable to the HR seen during the incompatible 
interaction (Table 1). The effects of elicitation were concentration-dependent with the loss of 
viability in treated cells being maximal at 80 μg glucans mL-1 (data not shown).  
Table 1 
Both tobacco cultivars produced significant quantities of HO2./O2- between 0 and 2 h 
after challenge with glucan elicitors with levels over six times greater than that observed in the 
specific incompatible response (Fig. 1a). The rate of HO2./O2- accumulation then slowed 
(relatively) until it plateaued at a rate close to zero beyond 8 h. While this result contrasts 
strongly with the biphasic pattern observed during the specific incompatible interaction (Able 
et al. 1998, 2000), by 10 h post inoculation, the same quantity of HO2./O2- had been produced 
by both responses. Cells elicited with glucans showed a pattern of net H2O2 production that 
peaked between 6 and 8 h post inoculation (Fig. 1b). At 8 h, 40.6±5.9 x 10-9 moles of H2O2 
were present (compared with 38.4±7.7 x 10-9 moles H2O2 at 10 h in the incompatible 
interaction). Little or no ROS was detected in control cells or the compatible interaction (Able 
et al. 1998, 2000). The HO2./O2- scavenger Mn(III)desferal significantly protected glucan-
Fig. 1 
 7
elicited cells from the HR-like cell death to an extent similar to that seen in the incompatible 
interaction (Table 1).  
 
Non-host interactions  
In the non-host interactions, cell viabilities at 12 h were only marginally lower than 
those observed in a compatible interaction (Table 1). Mn(III)desferal slightly but significantly 
protected cells from this greater loss of cell viability. Attempted penetration of the non-host 
tobacco cells by germinated Pc or Pp spores was not observed. Spores encysted in the bulk 
medium, and upon germination, hyphae grew throughout the medium without forming 
appressoria. By contrast, compatible Pn spores frequently encysted against the exterior wall of 
a tobacco cell while hyphae growing in the bulk medium formed appressoria at the surface of 
contacted tobacco cells. There was a significant production of HO2./O2- (Fig. 1a) between 8 
and 12 h during the non-host interaction of Hicks or NC2326 cells with Pc 860 or Pp (all these 
interactions were similar, therefore only one is shown) but at levels significantly lower than 
during the specific incompatible interaction. During the non-host interaction of NC2326 cells 
with Pp zoospores, levels of H2O2 (Fig. 1b) in the external medium were only marginally 
greater than in unchallenged cells and exhibited no peak periods of production. 
  
Field resistance 
In a manner similar to the non-host interaction, zoospores of Pn were observed to 
encyst and germinate away from Hicks Q46 cells rather than encysting at the host cell wall (as 
in both compatible and incompatible interactions). Nevertheless, both Pn 9201 and Pn 4974 
induced significant but very low levels of HO2./O2- and H2O2 production in Hicks Q46 cells 
(Fig. 1) and induced a modest cell death response (Table 1). Mn(III)desferal slightly but 
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significantly protected cells from this HR-like cell death following zoospore challenge (Table 
1).  
 
Source of ROS and role of calcium during non-specific resistance 
 As the previous experiments indicated that non-specific resistance appeared to be 
substantially different from the specific incompatible interaction, we then focused on 
comparing these two resistances through the use of a wide range of inhibitors and modulating 
agents. DPI, SHAM and allopurinol were used to inhibit NAD(P)H oxidases, peroxidases and 
xanthine oxidases respectively, in order to investigate the role of these enzymes as sources of 
ROS production during glucan-elicited responses (Fig. 2). Concentrations employed in an 
earlier study of the incompatible interaction were used (Able et al. 2000). Each of these three 
agents significantly inhibited production of both HO2./O2- and H2O2 in glucan-elicited cells 
(Fig. 2a,b). These results are similar to those observed during the incompatible interaction in 
the presence of these inhibitors (Able et al. 2000). A corresponding reduction in cell death was 
observed in each case, with DPI having the greatest effect (Table 2). The reduction in viability 
of unchallenged cells in the presence of SHAM has been noted previously (Able et al. 2000).  
Fig. 2 
Table 2 
ROS production was significantly lower in glucan-elicited cells in the presence of 
NADP+ and significantly higher in the presence of NADPH. NADP+ reduced cell death at 18 
hours while NADPH had no effect (Table 3). Table 3 
Four modulators of Ca2+ signaling: CaCl2; the calcium chelator, EGTA; the ionophore, 
A23187 and the calcium channel blocker, LaCl3; were each added to glucan-elicited cells, at 
concentrations that gave maximal effects (Able et al. 2001). Only EGTA and LaCl3 
significantly reduced ROS production (Fig. 3a,b) and cell death attributable to challenge 
(Table 2).  
Fig. 3 
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 Potassium efflux during non-specific elicitation 
During the incompatible interaction, a rapid increase in extra-cellular K+ between 8 
and 12 h post inoculation was observed (Able et al. 2001). However, extra-cellular K+ was 
released earlier and at much higher rates (five-fold) from tobacco cells challenged with glucan 
elicitors (Fig. 4a). When superoxide dismutase (SOD) and/or catalase (CAT) were added at 
inoculation (Fig. 4b), they significantly reduced the concentration of extra-cellular K+ in both 
the incompatible interaction and in the glucan-elicited response at 12 h post inoculation. 
Fig. 4 
 
Discussion 
Non-host resistance 
 In non-host resistance of tobacco suspension cells towards Pc or Pp, ROS production 
occurred at significantly lower levels than those observed in specific race-cultivar resistance 
(Fig. 1, Able et al. 1998, 2000). Furthermore, the HR was substantially reduced during this 
non-host resistance (Table 1). Removal of HO2./O2- by the scavenger Mn(III)desferal (Able et 
al. 1998) slightly increased cell viability suggesting a possible role for HO2./O2- in the 
induction of cell death during non-host resistance. Both the HR and ROS production have 
been reported as an integral part of non-host resistance in other interactions, including parsley 
suspension cells challenged with Phytophthora megasperma (Cuypers and Hahlbrock 1988; 
Jahnen and Hahlbrock 1988), and tobacco (Fett and Jones 1995) or lettuce plants (Bestwick et 
al. 1998) challenged with Pseudomonas syringae pv. phaseolicola. Direct comparisons of 
non-host and race-specific resistance have been made previously in other plant-pathogen 
systems. In some cases, but not all, inoculation of soybean suspension cells with non-
pathogenic pathovars of Pseudomonas syringae, resulted in ROS production and some cell 
death at significant but lower levels than a specific race/cultivar incompatible interaction 
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(Baker et al. 1993). A limited HR occurs during the resistance of barley to formae speciales of 
Erysiphe graminis from other hosts (Peterhaensel et al. 1997) while immunohistochemical 
studies of the infection of potato leaves by Phytophthora megasperma have revealed that the 
HR observed in the epidermis does not extend into the mesophyll, in contrast to the resistant 
host response to avirulent races of Phytophthora infestans (Cuypers and Hahlbrock 1988). 
These results, in conjunction with this current study, provide evidence that both non-host and 
host specific interactions can share similar response pathways, even though the degree of 
response appears muted in non-host interactions. Evidence that Pto kinase is required for both 
non-host and host specific responses but not for non-specific elicitation by oligogalacturonides 
(Chandra et al. 1996) provides further support for this view. Impaired recognition ability by 
the non-host cell may also lead to a lessened or muted response. For example, the recognition 
of harpin (generated by Pseudomonas syringae pv. syringae) is interfered with by the 
production of amphipathic proteins in non-host tissues (cotton, tomato and sweet pepper) in a 
dose-dependent manner (Lin et al. 1997).  
Attachment of spores or direct appressorial contact is rare during non-host resistance 
responses of cultured tobacco cells to Pp or Pc. These observations may indicate the reduced 
ability of a potential pathogen to recognise and approach non-host tissues, due to a lack of 
sensitivity to chemotactic factors. Soluble factors released by the non-pathogenic microbial 
species under these circumstances are likely to be more dilute at the plant cell surface than 
would otherwise be the case and therefore only elicit an attenuated, but sufficient, response. In 
any case the relative binding affinity of the plant cell to non-pathogen factors and/or the 
intensity of downstream signalling processes may differ from those seen in specific race-
cultivar resistance. 
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Field resistance  
 Although race/cultivar interactions have been closely studied in a range of host-
pathogen systems, the form of resistance known as field, quantitative or horizontal resistance 
(Vanderplank 1984), while the subject of much debate, has been all but ignored at the level of 
attempts to define cellular responses. This is almost certainly because field resistance is 
perceived as difficult to dissect due to its apparent dependence on the additive effects of 
multiple genes (Vanderplank 1984). However, in one of the few studies available, Ivanova and 
colleagues (1991) have demonstrated that potato cultivars that displayed the highest levels of 
field resistance, gave responses to the pathogen resembling those that occur in an incompatible 
(major gene) interaction.  
To study field resistance, tobacco cells of the cultivar Hicks Q46, a Hicks-derived line, 
which developed a general tolerance to Pn in the field (O’Brien and Davis 1981), were 
inoculated with zoospores of either Pn race. Only very low levels of ROS were detected 
irrespective of which inoculum was used (Fig. 1). Microscopic observations indicated that 
zoospores and germinated hyphae were not strongly attracted to Hicks Q46 cells suggesting 
that the exudates from these cells may induce a lesser chemotactic response from the pathogen 
than susceptible cells. This is not unlike the reduced responses observed in non-host 
interactions. Furthermore, the field resistant cell line expressed a HR similar in extent to the 
non-host interaction (Table 1) with cell death being partially preventable by the addition of the 
HO2./O2- scavenger, Mn(III)desferal. In Hicks Q46 cells it is apparent that an additional mode 
of resistance is operating, compared to that seen in the incompatible response of NC2326 cells 
to Pn 4974. On the basis of the cell culture observations, we speculate that this resistance may 
involve alterations of the chemotactic environment within the rhizosphere and thus be at least 
partly of a constitutive nature. This possibility and the parallels with non-host resistance 
require further investigation.  
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 Comparison of specific and non-specific resistance 
The main purpose of this study was to compare responses of tobacco cells elicited with 
non-specific elicitors to those expressed following challenge with incompatible Pn zoospores 
(Able et al. 1998, 2000, 2001). In tobacco cells elicited by glucans extracted from cell wall 
fragments of Phytophthora, an intense burst of HO2./O2- production occurred between 0 and 2 
h with a further slight increase between 4 and 8 h post inoculation (Figure 1). Thus the 
majority of ROS production occurred much earlier than in the specific NC2326/Pn 4974 
interaction where the major burst of production occurs about eight hours after zoospore 
challenge.  H2O2 appeared to increase slightly between 0 and 2 h and then increase 
significantly between 6 and 8 h post inoculation. The maximum rates of HO2./O2- and H2O2 
production during the major burst in glucan-elicited cells were 1.14 x 10-14 moles HO2./O2- 
cell-1 minute-1 and 0.79 x 10-14 moles H2O2 cell-1min-1 respectively and are similar to the rates 
seen during the major burst of the incompatible interaction (1.18 x 10-14 moles HO2./O2- cell-1 
minute-1 and 1.04 x 10-14 moles H2O2 cell-1 min-1).  
We have previously shown that HO2./O2- is primarily responsible for the induction of 
the HR during the specific response of tobacco cells to P. nicotianae zoospores (Able et al. 
1998, 2000). Protection from the HR provided by the HO2./O2- scavenger, Mn(III)desferal 
during the response of tobacco cells to elicitation by glucans also suggests a role for HO2./O2- 
in the induction of the HR by non-specific elictors. 
 Several enzyme types dependent upon NAD(P)H for their activity, have been 
postulated to produce ROS during resistance responses, including NAD(P)H oxidases and 
peroxidases (Baker and Orlandi 1995; Bolwell and Wotjaszek 1997; Xing et al. 1997; Bolwell 
1999). In our study, the involvement of NADPH-dependent enzymes in the glucan-elicited 
resistance response by tobacco cells is indicated by the inhibition and enhancement of ROS 
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production by NADP+ and NADPH respectively (Table 2). The inhibition by DPI and 
allopurinol of the response of tobacco cells to challenge with glucan elicitors implies that ROS 
are produced by NAD(P)H oxidases and/or possibly xanthine oxidase. Similar results were 
observed during the incompatible response of tobacco cells to Pn zoospores (Able et al. 2000). 
The inhibition by SHAM of ROS production and the HR during both the incompatible 
interaction and challenge by glucans may or may not indicate the involvement of peroxidases, 
due to a growing body of evidence for non-specificity of this agent (as discussed in Able et al. 
(2000)).  
Regardless of whether tobacco cells were challenged with an incompatible zoospore or 
a glucan elicitor, an exogenous supply of calcium (in the form of CaCl2) was not necessary for 
ROS production or for the HR to take place. However, prevention of both responses by the 
calcium chelator EGTA and the calcium channel blocker LaCl3 suggest that endogenous 
calcium plays an important role (Able et al 2001). These observations are consistent with 
other studies, which indicate that there is a requirement for calcium during the expression of 
both specific resistance (Atkinson et al. 1990; Vera-Estrella et al. 1992; Grant et al. 2000) and 
non-specific resistance (Bolwell et al. 1991; Levine et al. 1996). 
Despite the commonality of many of the responses to either glucan elicitation or 
incompatible zoospore challenge, significant differences in some characteristics of these 
events remain. Firstly, the timing of ROS production is significantly earlier in glucan 
elicitation. In the case of HO2./O2- generation this difference is six hours (Fig. 1). This in part 
reflects the immediate, synchronised elicitation of all cells in the culture by the soluble glucan. 
By contrast, zoospores challenge individual cells over a period of hours following their 
addition to the culture (Perrone et al. 2000). Furthermore, there is evidence from earlier 
experiments comparing clumped and unclumped cultures (Able et al. 1998) that cells 
challenged with incompatible zoospores release factors which stimulate unchallenged 
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neighbouring cells to also respond. This second tier of response is likely to be irrelevant in 
glucan elicitation. 
A second significant difference between these two types of challenge exists. In 
zoospore challenged tobacco cultures, the two ROS are produced at the same time, between 
eight and ten hours after zoospore addition, with inhibitor studies indicating that the H2O2 
arises from the rapid dismutation of the HO2./O2- (Able et al. 2000).  
In glucan elicited cells, the period of maximum H2O2 production occurs at least four 
hours after the burst of HO2./O2- production, that is, between six and eight hours after glucan 
addition. Hence while H2O2, formed by dismutation of the early burst of HO2./O2- production, 
appears to be rapidly metabolised and consequently not captured by the oxygen electrode 
assay, there is a later burst of H2O2 production via a HO2./O2--independent pathway. These 
results point to significant differences in the pathways of ROS production and the status of 
antioxidant systems responsible for H2O2 catabolism in tobacco cells during elicitation by 
glucans compared to zoospore challenge. 
Differences in response timing have been reported in other plant tissues in relation to 
specific and non-specific disease resistance. In a specific tomato-Cladosporium system, 
significant production of ROS occurred later (Vera-Estrella et al. 1992) and at levels two to 
three times greater than that observed using non-specific glycopeptide Cladosporium elicitors 
(Vera-Estrella et al. 1993). Similarly, ROS production was induced in two steps between 0 
and 2 h and again between 4 and 10 h post inoculation in the specific challenge of potato 
leaves with zoospores of Phytophthora infestans. However, when challenged with non-
specific elicitors there was a single and immediate response which only lasted up to 2 h post 
inoculation (Doke 1983a,b; Anderson et al. 1991).  
A further indication of important differences between these two types of host cell 
challenge is provided in Fig. 4, which follows extracellular K+ release by challenged tobacco 
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cells. In both challenges, extracellular K+ increases are coincident with the major burst of 
HO2./O2- production. However, in glucan elicitation this efflux is at least four-fold higher than 
in zoospore challenge (Fig. 4; Able et al. 2001). Previously we have shown that SOD inhibits 
the K+ efflux that follows zoospore challenge (Able et al. 2001). K+ efflux following glucan 
elicitation is similarly inhibited by SOD (Fig. 4b).  This indicates that HO2./O2- plays a role in 
the initiation of that efflux and is consistent with other evidence that suggests the efflux of K+ 
occurs due to ROS-induced membrane damage (Keppler and Baker 1989; El-Moshaty et al. 
1993).  
The H2O2 scavenger, CAT, significantly inhibited the K+ efflux in both glucan-elicited 
and zoospore-challenged cells. The fact that CAT did not protect cells from a HR in previous 
studies indicates that K+ efflux is a down-stream consequence of resistance expression and is 
unlikely to have a signalling function in this instance, although in other systems, particularly 
involving bacteria, there is good evidence for this role (Atkinson and Baker 1989). In glucan-
elicited tobacco cells, it is therefore possible that two routes for initiation of the K+ efflux 
exist. Firstly, ROS production may result in direct membrane damage, stimulating the leakage 
of cell electrolytes. Secondly, exposure to high H2O2 levels for prolonged periods may induce 
a K+ efflux reliant on membrane pumps (Kuo et al. 1993). The drop in extracellular K+ 
between 3 and 4 hours post challenge (Figure 4a) may represent an attempt by the cells to 
repair membrane damage due to the first cause, before the second cause of efflux becomes 
prevalent. 
The observation that the K+ efflux is at least four times greater in the non-specific 
response suggests that membrane damage or activation of membrane pumps might be greater 
than in the incompatible interaction. This may be a direct consequence of the simultaneous 
primary response of all cells in the culture towards the glucan elicitor. Indeed, there are much 
higher levels of K+ efflux measured in tobacco cultures challenged with avirulent bacteria 
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(Atkinson and Baker 1989; Atkinson et al. 1990), where the high numbers of cells present in 
bacterial inocula ensure simultaneous challenge of all host cells in the culture aliquot, 
compared to tobacco cultures challenged with avirulent zoospores (Able et al. 1998; Perrone 
et al. 2000). 
 
Conclusions 
This study has demonstrated that specific, non-specific, non-host and field resistance 
expression share many common elements in an in vitro system with regard to expression 
phenomena such as ROS production, the HR and K+ efflux. However the timing, intensity and 
sequence of these responses is not the same in each instance. The examples of non-host and 
field resistance studied resembled race-specific resistance closely with respect to timing and 
sequence of events, although the intensity of response was much less. In each case, the 
relationship between plant and microbe was attenuated at the very earliest stages of chemical 
signalling. 
 In the case of non-specific resistance following glucan elicitation, the response is 
initially more intense than when cells encounter avirulent Pn zoospores. Furthermore, not only 
the timing of responses, but also their sequence differed. In particular, there is evidence for the 
expression of a HO2./O2--independent pathway for H2O2 generation following glucan 
elicitation that is much greater in extent than that observed previously in tobacco cells 
challenged with zoospores (Able et al. 2000). These observations highlight the complexity of 
interpretation when using non-specific elicitation phenomena as descriptive models of gene-
specific host/pathogen interactions, particularly in the case of Oomycete or fungal 
pathogenesis systems that in planta begin with a discrete propagule at a single point of 
infection. 
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Table 1. Viability of challenged tobacco cells ± Mn(III)desferal. Where required, 100 
equivalent units of Mn(III)desferal was added at 0 hours. The viability at 12 hours post 
inoculation was measured in each of these interactions. Means ± se where n=6 from 2 
experiments except * where n=4 and Hicks control cells were 92.3 ± 1.1% viable. The symbol 
a indicates a significant increase in cell viability in the presence of Mn(III)desferal (p<0.05). 
 
PERCENTAGE CELL VIABILITY (%) CHALLENGE/INTERACTION 
Nil + Mn(III) desferal 
Controls   
NC 2326 Control 82.9 ± 1.1 80.5 ± 0.6 
Hicks Control 81.1 ± 1.2  81.1 ± 0.4 
Compatible Interaction   
NC2326 + Pn 9201 61.1 ± 1.0 56.9 ± 1.6 
Hicks + Pn 4974  59.3 ± 0.9 54.6 ± 0.53  
Incompatible Interaction   
NC2326 + Pn 4974 38.3 ± 1.5 54.2 ± 1.0a
Non-Specific Elicitation   
NC2326 + Glucan Elicitors 40.1 ± 0.7  56.1 ± 0.7a
Hicks + Glucan Elicitors * 50.7 ± 2.6 - 
Non-Host Interaction   
NC2326 + Pp 53.5 ± 0.7  58.5 ± 0.7a
Hicks + Pc 860 52.8 ± 2.5 - 
NC + Pc 860 52.2 ± 1.3 - 
Field Resistance   
Hicks Q46 + Pn 4974 52.8 ± 1.3 60.0 ± 0.5a
Hicks Q46 + Pn 9201 53.5 ± 1.9 - 
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Table 2. Effect of enzyme inhibitors and modulators of Ca2+ signalling on the viability of 
cells. Percentage viability of unchallenged and glucan-elicited cells in the absence or presence 
of either 20 μM DPI, 2 mM SHAM, 500 μM allopurinol, 1 mM CaCl2, 1 mM LaCl3, 500 μM 
EGTA or 4 μM A23187 was measured at 18 hours post inoculation. Data represents means ± 
se of n=8 from 2 experiments. An asterisk (*) indicates where a compound has had a 
significant effect on unchallenged control cells while a double asterisk (**) indicates where a 
compound has had a significant effect on the extent of cell death due to challenge by glucans 
(p<0.05). 
 
MODULATOR PERCENTAGE CELL VIABILITY (%) 
 Unchallenged  Challenged  
(Glucan-elicited) 
   
NC2326 cells 88.82 ± 0.84 25.69 ± 2.85 
NC2326 cells + DPI  82.15 ± 1.09 * 50.59 ± 3.00 ** 
NC2326 cells + SHAM  72.50 ± 2.50 * 39.80 ± 0.74 ** 
NC2326 cells + allopurinol 86.02 ± 1.03 38.74 ± 2.04 ** 
NC2326 cells + calcium chloride 82.50 ± 0.81 * 35.88 ± 2.23  
NC2326 cells + lanthanum chloride 84.55 ± 1.32 44.56 ± 1.31 ** 
NC2326 cells + EGTA 87.02 ± 1.17 45.56 ± 1.15 ** 
NC2326 cells + A23187 83.27 ± 1.28 * 22.03 ± 1.04  
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Table 3. Effect of NADP+/NADPH on Glucan-Elicited NC2326 Cells. Accumulated 
HO2./O2- and percentage cell viability were measured at 18 hours post inoculation and H2O2 
accumulation measured at 10 hours post inoculation. Data represents means ± se of n=8 from 
2 experiments. 
 
MODULATOR HO2./O2- PER 
0.1g CELLS  
(10-9 MOLES) 
H2O2 PER 
0.1g CELLS 
(10-9 MOLES) 
% CELL 
VIABILITY 
NC2326 Controls* 0 0 84.6 ± 1.8 
NC2326 + Glucan Elicitor 107.0 ± 14.4 71.0 ± 4.2 11.4 ± 0.6 
NC2326 + Glucan Elicitor + 1 mM NADP+ 35.4 ± 8.5 27.2 ± 3.9 37.8 ± 0.9 
NC2326 + Glucan Elicitor + 1 mM NADPH 288.2 ± 6.9 88.9 ± 4.5 9.8 ± 0.5 
* - NADP+ and NADPH had no significant effect on the controls (p<0.05) 
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Figure 1. ROS production by challenged tobacco cells. (a) HO2./O2- and (b) H2O2  were 
monitored for 12 h during an incompatible interaction, a non-host interaction, field resistance 
and glucan-elicitation as represented above by  NC2326 + Pn 4974,  NC2326 + Pp,  Hicks 
Q46 + Pn 4974 and NC2326 + Glucans respectively. No ROS was measured in compatible 
interactions or mock-inoculated controls.  Means ± se for n=11 from 4 experiments for (a) and 
n=6 from 2 experiments for (b). 
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Figure 2. Inhibition of potential source enzymes of ROS in glucan-elicited tobacco cells. 
DPI (20 μM), SHAM (2 mM) and allopurinol (500 μM) were added to cells at the time of 
challenge with non-specific glucan elicitors and the effect on (a) HO2./O2- accumulation by 12 
h, (b) H2O2 production trends over 10 h monitored. For (a), n=8 from 2 experiments while for 
(b), n=8 from 3 experiments. An asterisk (*) indicates where an inhibitor has had a significant 
effect compared with controls (p<0.05). 
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Figure 3. Modulation of Ca2+ signalling in glucan elicited tobacco cells. CaCl2 (1 mM), 
LaCl3 (1 mM), EGTA (500 μM) and A23187 (4 μM) were added to cells at the time of 
challenge with non-specific glucan elicitors and the effect on (a) HO2./O2- accumulation by 12 
hours, (b) H2O2 production trends over 10 hours and (c) the percentage cell viability at 18 
hours  monitored. For (a) and (c), n=8 from 2 experiments while for (b), n=6 from 3 
experiments. An asterisk (*) indicates where a compound has had a significant effect 
compared with controls (p<0.05). 
 30
050
100
150
200
250
300
350
400
450
0 2 4 6 8 10
Hours post inoculation
Ex
tr
ac
el
lu
la
r K
+  p
er
 0
.1
g 
(1
0-1
2  m
ol
es
)
12
NC2326 Control
NC2326 + Pn 4974
NC2326 + Glucans
(a)
0
50
100
150
200
250
300
350
400
450
NIL SOD SOD + CAT CATEx
tr
ac
el
lu
la
r K
+  p
er
 0
.1
g 
ce
lls
 (1
0-1
2 
m
ol
es
)
NC2326 + Pn 4974
NC2326 + Glucans
(b)
 
Figure 4. Extra-cellular potassium changes during specific and non-specific challenge of 
tobacco cells. Extra-cellular K+ was measured over 12 h (a) in mock-inoculated controls, the 
incompatible interaction (NC2326 + Pn 4974) and glucan elicitation (NC2326 + glucans). The 
effect of SOD and/or CAT on extra-cellular K+ was also measured (b). Means ± se in (a) were 
n=10 from 2 experiments and (b) was n=8 from 2 experiments.  
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